ABSTRACT: Clusters of transition metals, W, Re, and Os, upon encapsulation within a single-walled carbon nanotube (SWNT) exhibit marked differences in their affinity and reactivity with the SWNT, as revealed by low-voltage aberration-corrected high-resolution transmission electron microscopy (AC-HRTEM). Activated by an 80 keV electron beam, W reacts only weakly with the SWNT, Re creates localized defects on the sidewall, and Os reacts readily causing extensive defect formation and constriction of the SWNT sidewall followed by total rupture of the tubular structure. AC-HRTEM imaging at the atomic level of structural transformations caused by metal−carbon bonding of π-and σ-character demonstrates what a crucial role these types of bonds have in governing the interactions between the transition metal clusters and the SWNT. The observed order of reactivity W < Re < Os is independent of the metal cluster size, shape, or orientation, and is related to the metal to nanotube bonding energy and the amount of electronic density transferred between metal and SWNT, both of which increase along the triad W, Re, Os, as predicted by firstprinciples density functional theory calculations. By selecting the appropriate energy of the electron beam, the metal−nanotube interactions can be controlled (activated or precluded). At an electron energy as low as 20 keV, no visible transformations in the nanotube in the vicinity of Os-clusters are observed.
■ INTRODUCTION
Transition metals (d-elements) form the largest block of the Periodic Table and offer the widest variety of magnetic, optical, catalytic, and other functional properties. The rich chemistry of transition metals when combined with the mechanical, electric, thermal, and chemical properties of carbon nanostructures, such as single-walled carbon nanotubes (SWNTs), may lead to the generation of new families of functional materials which harness the synergy of the resultant metal−nanocarbon interactions. Recent investigations of metal−SWNT heterostructures have opened new highly promising avenues for applications in catalysis, 1 hydrogen storage, 2 and electronic devices.
3 Therefore, the quest for complete understanding of the nature of bonding between carbon nanotubes and transition metals is becoming increasingly important as illustrated by a recent flurry of theoretical studies on interactions between transition metals and SWNTs. 4 However, experimental measurements are significantly impeded because of the typical polydispersity of nanotubes (i.e., SWNTs of different lengths, diameters and helicities are present in the same sample), the lack of their intrinsic solubility, and by ubiquitous impurities in SWNT samples (e.g., amorphous carbon, graphitic particles, residual metal catalyst). While conventional spectroscopic methods that integrate over larger volumes (e.g., XPS, Raman, etc.) can be applied for characterizing the bulk physicochemical properties, high-resolution transmission electron microscopy (HRTEM) is now rapidly becoming an excellent local-probe tool for studying chemical reactions in nanotubes by imaging transformations in direct space and real time down to the single-atom level. 5 Being mechanically, thermally, and chemically very stable, carbon nanotubes primarily act as passive containers for molecules and atoms in previous investigations. Our current study, however, demonstrates that the inner surface of carbon nanotubes can be engaged in interactions and reactions with small clusters of transition metals. We show that the interactions and types of bonding between the SWNT and the metal are determined by the chemical properties of the respective d-elements. Subtle differences in the chemical reactivity of the transition metals can have a drastic impact on the resultant transformations of the SWNTs. Our observations are correlated with first-principles density functional theory calculations, which give a basic framework for predicting and designing metal-catalyzed chemical reactions of carbon nanotubes.
■ RESULTS AND DISCUSSION
A carbon nanotube has two qualitatively different surfaces: the exterior surface and the interior surface. While the chemistry of the nanotube exterior has been extensively studied, 6 the reactivity of its interior still remains largely unexplored. We investigate the behavior of three transition metals, W, Re, and Os, encapsulated within the nanotube cavity as clusters of ∼20−60 atoms. Aberration-corrected HRTEM (AC-HRTEM) imaging enables detailed investigation of the atomic structure and dynamics of the metal−SWNT composites and simultaneously provides energy, in the form of the kinetic energy of the electron beam (e-beam), for activating chemical transformations in the specimen. 7 The kinetic energy transferred from the e-beam to an atom due to an elastic collision (E transfer calculated using the McKinsley and Feshbach approach 8 ) can eject that atom from the molecule it is bound in if E transfer is greater than the activation energy for the dissociation of chemical bonds holding it in place. The value of E transfer is inversely proportional to the atomic weight of the particular element, and since the mass of an incident electron is much lower than that of an atom, it represents only a small fraction of the kinetic energy of the e-beam. In addition to the elastic collisions, the e-beam can interact inelastically with atoms and molecules causing ionization by removing electrons from their orbitals. Because such ionization is triggered by electron− electron collisions, the kinetic energy of the e-beam can in principle be transferred to the valence electrons of the specimen in its entirety. Therefore, any atomic or molecular orbitals with ionization potentials (IP) below the energy of the e-beam can be subjected to ionization. 7 However, ionized atoms confined within SWNT are in direct contact with a virtually infinite supply of delocalized electrons, and thus can rapidly become reduced by withdrawing free electrons from the nanotube. Being an excellent electronic conductor, SWNT is not ionized by the e-beam, and it also prevents extensive ionization of the encapsulated molecules and atoms, as discussed below.
The energy of the e-beam can be precisely controlled by using different accelerating voltages. At a standard energy of 200−300 keV, typically used in conventional HRTEM experiments, E transfer to a carbon atom exceeds the energy barrier for C-atoms escaping from the nanotube (E escape ), resulting in rapid damage to the nanotube structure before any imaging of chemical reactions can be made. 9 However, if the energy of the e-beam is decreased to 80 keV or lower, the maximum transferable energy from an incident electron to a Catom of the nanotube (max(E transfer ) ≤ 15.7 eV) falls below the energy required to remove C-atoms from the nanotube wall (min(E escape ) = 17 eV for typical carbon nanotubes), ensuring that no damage is caused to the pristine SWNT structure under these conditions. It is important to note that carbon nanotubes are excellent thermal and electronic conductors. Therefore, considering the fact that the e-beam irradiates only a tiny segment of a very thin (1−2 nm) and extremely long nanotube (up to tens of μm), no significant ionization of SWNT can take place. Guided by these considerations, we have carried out our measurements at 80 and 20 keV so that pristine SWNTs remain virtually unchanged, and therefore, any transformations observed in this study can be attributed to the interactions and reactions between the nanotubes and transition metals.
Metal clusters were generated inside nanotubes by decomposing corresponding carbonyl complexes. At the beginning of the observations, all three metals appear to be physisorbed onto the internal surface of the nanotube with a clear van der Waals gap of 0.3−0.4 nm between the metal and the SWNT surface ( Figures 1a,b and 2a) . Metal clusters appear to be moving rapidly (translation and rotation) within the nanotube cavity, thus, indicating that no covalent bonding initially exists between W, Re, or Os and the nanotube (Supporting Information video files). However, as the dose of the 80 keV e-beam increases, these three metals exhibit qualitatively different interactions with the nanotube sidewalls.
Tungsten clusters remain largely unchanged throughout the entire experiment ( Figure 1a ). They stay positioned in the middle of the nanotube channel and tumble continuously (Supporting Information video files) indicating that the clusters remain physisorbed on the SWNT interior surface without forming any directional bonding with the surrounding carbon atoms. As a result, the nanotube sidewalls in the vicinity of W clusters remain largely unchanged for the entire duration of the experiment.
Rhenium clusters appear to be more reactive toward the nanotube ( Figure 1b) . As the dose of the e-beam increases, Re clusters adhere to the sidewalls of the SWNT, forming a much closer contact of ∼0.2 nm, which is shorter than the van der Waals gap of 0.3−0.4 nm observed initially. Stronger interactions with the Re cluster distort the nanotube sidewall, forming undulations and vacancy defects. This clearly indicates that the C−C bonds of the nanotube are substantially perturbed by this metal. After prolonged irradiation with the 80 keV e-beam, some Re clusters appear to protrude through the sidewall (Supporting Information video files). However, the defects created by Re stay localized and do not affect the overall integrity of the SWNT structure.
Osmium clusters are most reactive toward the nanotube (Figure 2 ). They adhere strongly to the SWNT causing distortion of the sidewall. The degree of distortion in the vicinity of the metal clusters increases steadily, while the surface atoms of the Os-cluster appear to be inserted into vacancy defects developing around them. The entire section of the nanotube around the Os particle appears to be shrinking as those carbon atoms, which are in contact with the cluster, become removed by the e-beam. Once the metal surface is exposed, the cluster interacts strongly with the dangling carbon bonds of the nanotube defect and spans the two parts of the severed nanotube (Figure 2) . The metal atoms then rearrange to form parallel chains of 6−7 atoms long, while the open edges of the nanotubes start closing down. The topology of a closed SWNT cap demands the formation of six pentagons, which is driven by the thermodynamic requirement for the minimization of the number of dangling carbon bonds in the structure. Once the cap is fully closed, all dangling bonds are eliminated and the interactions between the Os and the nanotube appear to weaken leading to the detachment of the metal cluster from the closed cap of the nanotube (Figure 2 ). This remarkable difference in the reactivity of the three transition metals is highly consistent across different samples (in total, 12 different samples were prepared and studied) and different TEM conditions (three different TEM instruments operated at different accelerating voltages were employed; for details see Section S1 of the Supporting Information). Most significantly, the processes described above for W, Re, and Os appear to be independent of the size or shape of the metal clusters. Typically, clusters consist of 20−60 atoms and their shapes are continuously changing (as expected for very small metallic particles at room temperature; Figures 1 and 2 ), but regardless of their size, shape, or initial orientation inside the nanotube, their behavior is determined by the chemical nature of the element. The exact configuration of the atoms within the clusters has only subtle effects on the observed kinetics of the interactions and reactions with the SWNT, but the final outcome of each process is strictly defined by the type of metal present.
As neighboring elements in the Periodic Table, W, Re, and Os have very similar atomic sizes, ionization potentials, and electronegativities. However, our density functional theory (DFT) calculations show that these metals have very different affinities for a SWNT, as illustrated by their binding energies to the inner surface of the nanotube (Table 1) . Os forms the strongest interactions, and W forms the weakest. In addition, the e-beam of TEM, even at 80 keV, has sufficient energy to remove the valence electrons of the metals, since the ionization potentials for the outer electronic shell of these metals are all below 0.1 keV. 10 Therefore, the e-beam can be viewed as an oxidant that can potentially increase the oxidation state of the metals. However, being confined within the nanotube, the metal clusters are in intimate contact with the SWNT sidewall, thus, allowing electronic density exchange to occur readily between the metal cations and the SWNT electronic bands (Scheme 1a). Our calculations show that ionized atoms W n+ , Re n+ , and Os n+ withdraw m electrons from a SWNT container (Scheme 1a). Once again, the chemical nature of the element determines the amount of charge transferred from the SWNT onto the metal cation, with Os cations abstracting the highest amount of electronic density (Table 1) . Both parameters, the binding energy and the charge redistribution, indicate that the interactions between the metals and nanotube increase in the order W < Re < Os, which correlates directly with the relative reactivities of these elements observed in our AC-HRTEM measurements. A recent theoretical investigation predicted that light transition metals Cr−Mn−Fe belonging to the same groups of elements as W−Re−Os should exhibit a similar order of bonding efficiency to the exterior of the SWNT 3d (no prediction for the affinity toward the nanotube interior was made).
In our experiments, the observed metal−metal distances within the clusters are close to those in the corresponding bulk crystalline metals. This indicates that most of the metal atoms remain charge-neutral, while the surface atoms may change their oxidation state transiently under the influence of the e-beam and abstract electrons from SWNT sidewall as described above. The coupling of d-orbitals of the outermost metal atoms with π-orbitals of the SWNT (Scheme 1b) and nanotube-to-metal electron redistribution will both have an activating effect on the nanotube sidewall. For instance, it is well-known that the main consequence of effective π-bonding of transition metal atoms to aromatic compounds is stretching and weakening the C−C bonds of the ligand molecules making them more reactive toward other reagents. 11 Examples from organometallic synthetic chemistry suggest that Os activates aromatic molecules, such as benzene, to a significantly greater degree than W or Re under the same conditions. 12 In our case, a SWNT acts as a nanosized polyaromatic ligand, so that metal atoms coordinated to the inner surface of the nanotube enhance the reactivity of the C−C bonds in the vicinity of the clusters. Thus, activated sections of the SWNT become more susceptible to ballistic ejection by the e-beam, as evidenced by a gradual removal of carbon atoms around Os (Figure 2 and Scheme 1b).
Our DFT calculations show that the presence of an Os 55 -cluster in the nanotube lowers the min(E escape ) to 11.9 eV making it well below the maximum transferable energy from the 80 keV e-beam to a carbon atom (max(E transfer ) = 15.7 eV). This means that the inequality min(E escape ) > max(E transfer ), which ensures the structural integrity of SWNT under the 80 keV e-beam, inverts to min(E escape ) < max(E transfer ) for the sections of SWNT engaged in π-bonding with Os, which allows the removal of carbon atoms in the vicinity of the Os-cluster and triggers the sequence of transformations observed by AC-HRTEM imaging (Figure 2 ). To verify this mechanism, the energy of the e-beam was reduced to 20 keV, at which max(E transfer ) from the e-beam to a C-atom is 3.73 eV, significantly below the min(E escape ), even when the SWNT is activated by a Os-cluster. Using the electron dose of 10 10 e/nm 2 in a control AC-HRTEM experiment at 20 keV revealed that Os-clusters adhere to the nanotube, indicating metal−carbon π- bonding, but no significant sidewall defects emerge in the vicinity of the clusters at 20 keV (Supporting Information). The same dose of 80 keV electrons causes extensive structural transformations culminating in a complete rupture of the SWNT activated by Os-cluster, emphasizing the importance of the energy of incident electrons for nanotube−metal bonding.
As the e-beam removes carbon atoms and creates a vacancy defect around the Os-cluster, the nanotube atoms at the edge of the defect form σ-bonds with the metal (Figure 3a) with typical metal−carbon bond lengths of 0.20−0.21 nm. The formation of effective σ-bonds between the nanotube and the metal is responsible for bringing clusters progressively closer to the nanotube surface over time, as observed in AC-HRTEM experiments (Figures 1 and 2d−g ). As the defect grows, the number of carbon−metal σ-bonds increases and the nanotube shape distorts further away from the cylindrical shape of a pristine SWNT (Figure 3a−c) . At the stage of a di-vacancy defect, one of the Os-atoms of metal cluster forms σ-bonds with four carbon atoms and becomes effectively inserted into the atomic lattice of the SWNT (Figure 3d ). This step initiates a process of metal cluster protrusion through the nanotube sidewall experimentally observed for Os (Figure 2) . It is interesting to note that the HRTEM images simulated from theoretical models predict that structural transformations in the SWNT become really noticeable only after six or more carbon atoms are removed from its sidewall (Supporting Information). This means that at the point when distortions in the SWNT become observable in AC-HRTEM experiments, extensive multiatom vacancies are likely to be formed on the nanotube.
A number of reports demonstrated a significantly stronger bonding of metal atoms to vacancy defects in graphene as compared to a pristine graphene structure. 13 A recent experimental study has confirmed that transition metals can become trapped in defects generated by a 200 keV e-beam in multiwalled carbon nanotubes (MWNTs) due to a stronger bonding with dangling carbon bonds than with the π-electron system of an intact MWNT.
14 Clearly, the presence of σ-bonding of metal to carbon atoms around the defect edge must provide some stabilization to the SWNT, as M−C bonds terminate the highly reactive dangling bonds. Our calculations of the density of states (DoS) for a (12, 12) -SWNT show that implantation of metal clusters into the nanotube sidewall perturbs the electronic structure of the SWNT quite significantly, due to a strong hybridization between the dorbitals of the Os-cluster and the π-electronic system of the host-nanotube (Figure 4) .
Since metal−carbon bonds are more labile than C−C bonds, the thermodynamically most stable bonding configuration ultimately corresponds to a closed cap where each carbon atom forms three bonds with other C-atoms. We have previously demonstrated that the formation of closed graphitic structures is facilitated by the e-beam through the loss of edge carbon atoms and the formation of pentagons providing the curvature required for a closed structure.
5f DFT calculations clearly show that even at the stage of six-vacancy ( Figure 3e ) the neighboring carbon atoms already start recombining their dangling bonds to form pentagons, which is the first step of the SWNT cap formation process. Our experimental AC-HRTEM observations show that from this point the nanotube defect reconstructs extensively until a fully sealed cap, with no dangling bonds and six pentagons (required by the topology of a closed cap), is formed (Figure 2g ). Once the metal cluster is detached from the nanotube, no further transformations take place in the SWNT structure.
■ CONCLUSIONS
Understanding the physicochemical interactions and bonding between carbon nanostructures and transition metals is of paramount importance for further technological applications of these materials. In this study, we have demonstrated and compared the reactivity of different transition metals with SWNTs at different electron beam energies. The interactions and chemical reactions between W, Re, and Os, separately, and the SWNT were followed in real time and direct space at the atomic level by 80 keV AC-HRTEM. By confining the metal clusters inside a SWNT, it is possible to image the metals "in action" revealing their very different reactivities, in the order W < Re < Os, toward the nanotube at this electron beam energy. The observed order is not dependent on size, shape, or orientation of metal clusters. The greater reactivity of Os is largely related to the more efficient binding of this metal to SWNT as compared to other metals. The recently demonstrated capability of high resolution TEM for imaging electron density distribution in structures containing carbon and nitrogen 15 can in the future be extended to organometallic systems to reveal the complex nature of nanotube−metal bonding at the subatomic level. If the rationale of organometallic chemistry previously developed for molecular compounds is applied for the interpretation of the bonding and reactivity between transition metals and carbon nanotubes, with the latter acting as nanosized polyaromatic ligands, late transition metals, whose chemistry is similar to that of Os, will exhibit a strong reactivity toward SWNT. Further exploration of the mechanisms of interactions between metals and nanotubes has the potential to open new ways of synthesis and manipulation of carbon nanostructures, and harnessing their functional properties.
■ EXPERIMENTAL SECTION
Materials. Arc-discharge SWNTs were annealed in air at 520°C for 30 min to open their termini prior to addition of metal carbonyls. A mixture of SWNT and a metal carbonyl was heated in vacuum at 10°C above the vaporization temperature of the molecules. The metal carbonyl complexes spontaneously decompose into metal clusters inside the nanotubes either thermally (i.e., by heating above their decomposition temperature) or under the e-beam of TEM. In both cases, small clusters of metals are formed within SWNTs.
Electron Microscopy. Carbon nanotubes filled with W, Re, or Os were dispersed in methanol using an ultrasonic bath, drop-cast onto lacey-carbon coated copper TEM grids (Agar) and heated at 150°C for 5 min before insertion into the TEM column. Conventional HRTEM imaging and local energy dispersive X-ray spectroscopy (EDX) were carried on a JEOL 2100F operated at 100 kV. Aberration corrected imaging and e-beam irradiation experiments were carried out on a C S -corrected FEI Titan 80-300 TEM operated at 80 kV with information limit enhancement by reduced extraction voltage 16 or a Zeiss Libra 200MC operated at 80 kV where an information limit shift is provided by a monochromator (0.15 eV), and contrast is enhanced by zero-loss energy filtering (5 eV). For 20 keV AC-HRTEM experiments, special modifications were applied regarding the corrector and base setup. 17 All measurements were performed at room temperature, and the electron flux applied to the samples ranged from 2 × 10 6 to 7 × 10 6 e − /(nm 2 /s). Computational Details. First-principles density functional theory calculations of the optimized structures and densities of states of a (10,10)-SWNT containing W, Re, and Os transition metal atoms and a (12,12)-SWNT containing an Os 55 -cluster have been performed using the CASTEP code. 18 The exchange and correlation interactions are described using generalized gradient approximation (GGA) parametrized by Perdew, Burke, and Ernzerhof (PBE), 19 and ultrasoft pseudopotentials are generated "on-the-fly". A plane wave basis set with the energy cutoff of 320 eV is used. In the optimized structures, the forces on atoms are smaller than 0.05 eV/Å. For the Os 55 @(12,12) SWNT system, a supercell with 25, 25, and 22.5 Å dimensions along x, y, and z directions, respectively, is used, and for the metal atom inside (10,10)-SWNT, a (30 × 30 × 9.98) Å 3 supercell is used. This allows SWNTs to have their periodicity preserved along the z-axis, while eliminating the interactions between clusters and their periodic images. A single k point (Γ) was used in all calculations. 
